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FREQUENCY RESPONSES AND OTHER CHARACTERISTICS OF 

SIX FAST-DECAY PHOSPHORS APPLICABLE TO FLYING-SPOT SCANNERS 

Charles A. Wagner 
Flight Research Center 

INTRODUCTION 

In recent years ,  the analysis of flying-spot scanner systems has become heavily 
dependent on frequency-response techniques. The effects of the cathode -ray tube 
(CRT) spot s ize ,  the optical system, and the film on overall system performance can 
be analytically described in t e r m s  of the spatial frequency responses of these elements. 
Reference 1 contains such an analysis. 
element, however, is usually unknown. 
c athode -ray tube. 

The frequency response of one important 
This element is the phosphor screen in the 

A good deal of work, such as that discussed in reference 2 ,  has been done in an 
attempt to describe the characterist ics of the most common phosphors used in flying- 
spot scanning. 
efficiency. Although these character is t ics  a r e  important, they give, at best ,  only a 
general  idea of the frequency response of a phosphor. The frequency response is 
actually a complex function of rise t ime,  decay t ime, and efficiency; these,  in turn,  
may be variables depending on the  energy density and the effective dwell time of the 
electron beam. (In scanning, dwell t ime is defined as spot s ize  divided by scan speed. ) 

Among the characterist ics most often measured are decay t ime and 

Other properties of phosphors beside the frequency response are also important 
for  satisfactory application in a flying-spot scanner. 
dwell t ime,  for example, is as important for flying-spot scanners as it is for visual 
displays. The maximum permissible light output, aging characterist ics,  and screen 
noise are other important properties. Information of this kind is not widely available 
for some fast-decay phosphors, particularly the newer ones. Reference 3 describes 
some tests conducted on phosphors used in display cathode-ray tubes. Although the 
data do not apply to flying-spot scanner phosphors, some of the measured parameters 
and the measuring techniques are of interest. 

Light output as a function of 

The subject report  presents the results of a series of tes t s  conducted on six 
phosphors to  determine the i r  frequency responses and other properties applicable to  
flying-spot scanners. Four of the phosphors tested, P-16, P-24, P-36, and P-37, 
are registered with the Joint Electron Device Engineering Councils (JEDEC). P-X42 
is an experimental phosphor that was manufactured by Westinghouse Electric Corpo- 
ration, Electronic Tube Division, Elmira ,  N. Y. P-SP phosphor is manufactured 
only by Sylvania Electric Products,  Inc. , Electronic Tube Division, Seneca Falls, 
N. Y .  
able with short  decay t imes.  

These phosphors constitute a representative sample of those currently avail- 



THE PHOSPHOR PROBLEM 

The tests of this study were designed to measure the properties of phosphors that 
are most important in flying-spot scanner applications. Thus it is desirable to  
briefly describe the characterist ics of an ideal phosphor and discuss the problems in- 
troduced by actual phosphor screens.  This discussion is based on the assumption that 
a flying-spot scanner is being used as a television camera  and that the resulting video 
signal is being sent to  a high-quality monitor. 

An ideal phosphor would have zero rise and decay time; that i s ,  it would glow with 
full brightness the instant it was struck with electrons and would immediately stop 
glowing when the electrons stopped. Actual phosphors have finite rise and decay t imes.  
Thus a spot of light on a CRT screen  will accurately reproduce the s ize  and shape of 
the scanning electron beam (assumed to be  Gaussian) only at long dwell t imes (low scan 
speeds). At short  dwell t imes (high scan speeds), the finite rise time limits the peak 
brightness of the spot to  a lower value, and this peak occurs near  the trailing edge of 
the electron beam instead of at the center. Also, the decay t ime causes the phosphor 
t o  continue to  glow for  a t ime after the electron beam has passed. Thus the spot of 
light actually grows larger and becomes distorted at the shorter  dwell t imes.  These 
changes affect the video signal in much the same way as a low-pass filter that has 
unity gain at zero frequency; that i s ,  the frequency response of the phosphor reduces 
the signal amplitude and introduces a phase shift at the higher frequencies. Reduced 
signal amplitude appears on the monitor as a loss  of contrast  in areas of fine detail, 
and the phase shift causes  the picture to smear .  It is convenient to  describe phosphor 
frequency response in t e r m s  of gain, the ratio of high-frequency signal amplitude to  
zero-frequency signal amplitude, and in t e rms  of phase. It follows that an ideal phos- 
phor would have unity gain and zero phase at all frequencies. Knowledge of gain and 
phase for a variety of phosphors will assist the designer of a flying-spot scanner in 
choosing an optimum phosphor for  a given application and in constructing a video 
processing amplifier that will compensate, as much as possible, for  these phosphor 
effects. 

An ideal phosphor screen would also have other properties. It would produce a 
constant amount of light when a constant-energy electron beam was scanned over it. 
Actual phosphor screens  have a grain structure that causes the light output to vary 
slightly from point to  point. This variation is re fer red  to  as screen  noise in this r e -  
port. An ideal phosphor would strongly resist burning and aging while simultaneously 
producing a great deal of light over long periods at high efficiency. Actual phosphors 
vary in their  resistance to burning and aging, maximum permissible light output, and 
efficiency. In applications where the dwell t ime var ies ,  an ideal phosphor would have 
constant efficiency; that i s ,  its light output would be  independent of dwell time. Actual 
phosphors have efficiencies that depend on loading, which in turn is affected by dwell 
time. In color flying-spot scanner applications, the light from the cathode-ray tube is 
split into red,  green, and blue color components, and these components a r e  detected 
by three different photomultiplier tubes. Thus an ideal phosphor would produce white 
light o r ,  at the very least, a wide emission spectrum. Actual phosphors vary con- 
siderably in their  ability to  meet these color requirements. 
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DESCRIPTION OF APPARATUS 

Cathode-Ray Tubes 

The commercially available cathode-ray tubes used in this experiment were pur- 
chased new from several  manufacturers. Although they are of different types, they 
have s imilar  performance characterist ics.  All were designed for moderately high 
resolution flying-spot scanning. 
diameter and have flat sc reens  with minimum useful diameters of 108 millimeters 
(4 1/4 inches). All are electrostatically focused, magnetically deflected, and have 
anode voltage ratings in excess of 20,000 volts. With no deflection, best  focus, and 
maximum beam current ,  all produce somewhat elliptical spots having a minor diameter 
less than 0.076 mill imeter (0.003 inch) and a major  diameter no greater than twice the 
minor diameter. 

They are all nominally 127 mill imeters (5 inches) in 

Photomultiplier Tubes 

Two identical photomultiplier tubes with S-20 spectral  response were used. The 
S-20 spectral  curve is shown in appendix A. Photomultiplier tube A was operated 
without dynode multiplication. 
photocathode current ,  it served as a stable, repeatable instrument for measuring 
absolute light levels, but its rate of response was very low. 
ured and found to be 150 pA/lumen. 
facturer's "typical" specification, applies only when the light source is a tungsten 
filament bulb operated at a color temperature of 2870" K. 

In this mode, with its output consisting solely of the 

Its sensitivity was meas-  
This sensitivity, which agrees with the rnanu- 

Photomultiplier tube B was operated with dynode multiplication for increased rate 
of response and greater  output current.  
output measurements and all high-speed measurements. According to the manufac - 
turer ' s  specifications, this photomultiplier tube has a rise time that var ies  from 
2 nanoseconds to 4 nanoseconds over the range of dynode voltages applied during this 
experiment. 

This tube was used for  all relative light- 

Driv ing C i rcu its 

The dc voltages applied t o  the cathode-ray tubes and the photomultiplier tubes 
were  obtained from regulated power supplies. 
tions in voltage, the input voltage t o  the power supplies was regulated with line- 
regulating t ransformers  to  1 percent. 
tested with 22,000 volts applied to the anode. 

As an added precaution against var ia -  

With one exception, all cathode-ray tubes were 

Stable deflection and blanking amplifiers were designed especially for this experi-  
ment. They were driven from sawtooth and gate outputs of a waveform generator. 

Oscilloscope 

An oscilloscope was used to measure the outputs of the photomultiplier tubes. Ac- 
cording t o  the manufacturer's specifications, this oscilloscope has a nominal rise time 
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of 4 .3  nanoseconds, measured at the input connector with the gain control set at the 
most sensitive position. The input impedance is 1 megohm in parallel with 15 pico- 
farads. The vertical  amplifier was sweep-tested and found to have a 3-dB bandwidth 
of 80 megahertz, which agrees with the manufacturer's specification. Vert ical  and 
horizontal accuracy is specified as 3 percent. 
graticule is inscribed on the inside of the CRT screen,  there  is no possibility of 
parallax e r r o r  in  observing traces. All traces that fall within the graticule are f r ee  
from any visually detectable nonlinearities . 

Since the 4-centimeter by 10-centimeter 

The anode of photomultiplier tube B was connected to  the oscilloscope with a length 
of RG59/U (75 ohm) coaxial cable. A 75-ohm res i s tor  was used to terminate the cable 
at the input to the oscilloscope. With this arrangement,  a small  amount of ringing at 
70 megahertz was observable when very fast  light pulses were input to  the photomulti- 
plier. The cable used was slightly over 1 meter  long, which is about one-fourth the 
wavelength associated with 70 megahertz. 

Considering the frequency capabilities of the individual components used in this 
experiment, it is estimated that the overall system bandwidth was probably in excess 
of 50 megahertz t o  -3 dB. 

Pulse Generator 

For  some testing, a pulse generator was used which can deliver a 50-volt pulse 
into a 50-ohm load with a rise time of less than 12 nanoseconds and a fall time of less 
than 14 nanoseconds. 
liseconds, and the amplitude was continuously adjustable to  zero. RG58/U (50 ohm) 
coaxial cable was used to connect the pulse generator to a 50-ohm load resistor.  A 
"T" connector was inserted in the cable, and the CRT grid was connected directly to 
the "T" connector. 
input pin. 

The pulse width was adjustable from 100 nanoseconds to 10 mil-  

In this way, very high quality pulses were obtained at the CRT gr id  

Lenses 

Two lenses were used. The f i rs t ,  used as the objective, was a four-element 
f/2.8 camera lens with a 50 -millimeter focal length. 
f/l. 2 condensing lens with a 75-millimeter focal length. 

The second was a single -element 

Targets 

Two targets were used. The first was a 50-millimeter square Ronchi ruling etched 
on glass ,  with alternate black ba r s  and c lear  spaces of equal width; each cycle (one 
bar and one space) was 0.127 millimeter (0.005 inch) wide. 
slit approximately 0.25 millimeter wide. 

The second target was a 

Dichroic Mirrors  

Two red  and two blue dichroic mi r ro r s  were used. The r ed  mi r ro r s  reflected 
almost all light with wavelengths greater  than 590 nanometers and transmitted almost 
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all light with shorter  wavelengths. 
wavelengths less than 500 nanometers and transmitted almost all light with longer 
wavelengths. 

The blue mi r ro r s  reflected almost all light with 

TEST PROCEDURES 

Pulse Tests  

The purpose of the pulse tests was to  determine the general rise and decay char-  

The pulse 
acterist ics of the phosphors over a wide range of electron beam energy and dwell time. 
The scope of these tests was limited somewhat by the available equipment. 
generator could not produce pulses shorter  than 100 nanoseconds , although much 
shorter  electron beam dwell t imes actually occur in high-speed scanning operations. 
As noted previously, dwell t ime is defined as spot s ize  divided by scan speed. The 
absolute light output produced by the phosphor could not be measured because of the 
speed limitation of photomultiplier tube A. The r i s e  and decay curves were observed 
on an oscilloscope, where the minimum-slope portions of these curves a r e  subject to  
large reading e r ro r s .  
could be observed. 

Even with these limitations , large differences and strong trends 

The initial pulse tes t  on each cathode-ray tube was conducted by using a focused 
spot, a 20-hertz repetition rate ,  a pulse width of 10 microseconds, and maximum beam 
current.  With photomultiplier tube B exposed to the light from the cathode-ray tube, 
the rise and decay curves were displayed on the oscilloscope. Rise t ime to  50 percent, 
75 percent, and 100 percent of peak brightness and decay t ime to 50 percent and 25 per-  
cent of the brightness at the end of the pulse were recorded. 
also recorded for pulse widths of 1 microsecond and 0 . 1  microsecond. 
current was reduced until the peak light output was one-fourth its previous level, and 
all measurements were repeated. 
was too low to measure.  
ranging from the maximum capability of the cathode-ray tube down to an almost un- 
detectable light level. 
levels and the three pulse widths (or  dwell t imes).  

The decay t imes were 
Then the beam 

This sequence was continued until the light output 
Thus rise time was measured for several  driving levels 

Decay time was measured for all combinations of these driving 

Scanning Tests 

The scanning tes t s  were conducted by generating a single scan line with a 60-hertz 
repetition rate  synchronized with the power-line frequency. In this way, the effect of 
any 60-hertz power supply ripple was eliminated, inasmuch as all readings were taken 
at the same level of ripple. Each cathode-ray tube w a s  oriented so that the direction 
of scan was  along the minor diameter of the elliptical spot. This arrangement reduced 
the measured spot s ize  and the effective electron beam dwell time to a minimum. In 
this report ,  spot s ize  is defined a s  the width between the half-amplitude points of the 
spot profile as determined by sli t  -scanning. 

For all scanning tes t s ,  the absolute light output of each cathode-ray tube was  
adjusted to a preselected standard. 
produce 0 .4  microampere f rom the light passing through an f/5.9 c lear  aperture,  while 

This standard required photomultiplier tube A to 
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the scan speed on the cathode-ray tube was about 0 .12  mm/psec. The actual scan 
speed was recorded for  each tube. 

Fo r  this experiment, "light output'' was defined as the output current of photo- 
multiplier tube A when the relative aperture was f/5.9. Although this definition is 
unusual, it appears t o  be more  realist ic than attempting a conversion to lumens. The 
lumen is a unit of light based on the spectral  response of the human eye. Light from a 
flying -spot scanner cathode -ray tube is frequently detected with a photomultiplier tube 
having a spectral  response and sensitivity fairly s imilar  to those of an S-20 photo- 
cathode. Thus the current  produced by such a photocathode from the light passing 
through a known aperture  is considered to be a reasonable measure of effective light 
output. 

N o  measurements were made of the actual electron beam energy striking the 
phosphor. Instead, spot s ize ,  dwell t ime,  repetition rate ,  and instantaneous (not 
average) light output are given for  each test condition. Information of this kind may be 
more useful to the CRT use r  than knowledge of electron beam energy. 
mat ter ,  excellent cathode-ray tubes are commercially available that can deliver 
enough electron beam energy to the screen to  burn most phosphors under most scanning 
conditions and still maintain very small  spot s izes .  Thus the limiting factor in actual 
operation becomes the phosphor's capacity to  absorb energy, which is directly related 
to  its capacity to  produce light. 

As a practical 

It was not the primary purpose of this experiment to  determine the maximum light 
output that a phosphor can safely produce. 
outputs are included with the data. 
subjective estimates of the aging rates  (gradual loss of light output with constant 
driving conditions) observed in the phosphors over relatively short  periods ( less  than 
8 hours). The maximum recommended light output is given in t e rms  of a load factor, 
which is defined in appendix B. 

However, some maximum recommended 
These recommendations are based primarily on 

All scanning tests were conducted with the setup shown in figure 1. The objective 
lens focused the CRT spot on the target at a magnification appropriate to  the test .  The 
condensing lens formed an exit pupil (image of the objective lens) for the photo- 
multiplier tube. 

-Spaces for three dichroic mirrors 

Exit pupil  
1 

2 

Figure 1. Scanning test apparatus. 
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Three of the phosphors tested,  P-24, P-36, and P-SP, produced relatively wide 
emission spectra,  which suggested that they may be suitable for applications in color 
flying-spot scanners. Therefore,  for  these phosphors, two of the scanning tes ts  were 
conducted by using red ,  green, and blue light individually as well as unfiltered light to  
determine if the individual colors behaved differently from unfiltered light. 

The dichroic m i r r o r s  were inserted into the spaces shown in figure 1 when indi- 
vidual colors were studied. 
and a blue mi r ro r  occupied spaces 1 and 3. 
when red mi r ro r s  occupied spaces 1 and 2. 
replacing the red  mi r ro r s  with blue mi r ro r s .  
blue light was especially useful for  those phosphors that had weak r ed  o r  blue color 
components because the undesired light was discriminated against twice. 

Green light was obtained at exit pupil 1 when a red mi r ro r  
Red light was obtained at exit pupil 2 
Blue light was obtained at exit pupil 2 by 

The double reflection used for red and 

Gain  test. -The gain test was designed to  directly measure the gain of the phosphor. 
The test target was the Ronchi ruling, and the magnification was about 0.75. 
dwell t imes where phosphor effects are negligible, the CRT spot scanning the ruling 
produced, at the output of the photomultiplier tube, a low -frequency sine wave ac 
voltage riding on an average dc level. 
wave Ronchi ruling by the filtering action of the CRT spot and the modulation t ransfer  
function of the lens. 
the phosphor gain reduced the relative amplitude of the ac signal compared to  the aver- 
age dc level. 
gain, since only scan speed was varied during the test .  

At long 

This signal was produced from the square- 

Increasing the scan speed increased the output frequency, and 

This reduction in relative amplitude was caused solcly by the phosphor 

The results obtained from this test  were in the form of oscilloscope waveforms 
s imilar  to the waveform in figure 2.  The amplitudes A and B and the frequency were 

recorded for a variety of scan speeds. 
At the lowest speed, the ratio of B/2A 
(which can theoretically approach unity 
a s  a maximum) w a s  adjusted to about 
0.  6 by varying the magnification. This 
starting point assured that the low- 
frequency signal was  adequately filtered 
into a pure sine wave. At higher scan 
speeds, the ratio of B/2A was reduced 
by the phosphor gain. 
va lues  of B/2A were normalized to 
have a maximum of unity and were then 
plotted as a function of frequency. 

Amplitude 

/ 11 A m p r  

The resulting 

m 4 
f Zero signal level 

I 
Figure 2. Tvpical waveform from gain test. This tes t  also produced information 

on light output. 
A a r e  a measure of relative light output 

as a function of dwell time. Since the absolute light output w a s  known at one dwell t ime 
(the light output had been adjusted to a known level), the absolute light output was com- 
puted and plotted as :L function of dwell time. 

The relative values of 

The gain test  was conducted on the individual colors from the wide-spectrum 
phosphors and on the unfiltered light from all the phosphors except P-X42. 
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Slit-scan test. - The slit-scan test was designed t o  measure,  indirectly, both the 
gain and the phase of the phosphor. The test target was the slit, and the magnification 
was about 15. At long dwell t imes (low scan speeds) where phosphor effects are negli- 
gible, the cathode-ray tube spot scanning the slit produced, at the output of the photo- 
multiplier tube, a voltage pulse having the shape of the scanning spot. At short  dwell 
times, this output pulse became the convolution of the low-speed spot shape with the 
impulse response of the phosphor. The Fourier transformation of this high-speed 
output pulse is the product of the frequency responses of the spot and the phosphor. 
The phosphor frequency response was found by dividing the frequency response obtained 
from the Fourier transformation by the frequency response of the spot. 

The test results were in the form of photographs of oscilloscope waveforms s imilar  
t o  those in figure 3. A test run was made at each of th ree  different dwell t imes for 

each test case.  The low-speed photograph, 
which displayed practically no phosphor 
effects, was used to  measure the spot 
size.  
th ree  runs and the spot s ize  obtained 
from the low-speed run were used to 
compute the frequency response of the 
phosphor. 

The photographs obtained from the 

Low speed 
The frequency-response computations 

were car r ied  out on a digital computer. 
F o r  each test case,  the input data to the 
computer consisted of the spot s ize ,  the 
scan speeds of the three runs,  and from 
20 t o  30 points describing the curves on 
each of the three photographs. 
puter was programed to compute the 
theoretical spot frequency response for 
each dwell t ime,  assuming that the spot 
profile was Gaussian. 
quired for this computation a r e  derived 
in appendix C.  The computer also cal-  

1 
k The com- 

High speed 

The equations r e -  
Figure 3. Typical waveforms from slit-scan test. 

culated the Fourier transformations of the three curves,  normalized to have a zero 
frequency gain of unity. Next, it computed the gain of the phosphor at each dwell time 
by dividing the gain of the appropriate Fourier transformation by the theoretical gain 
of the spot at a number of frequencies. The phase of the phosphor was identical to the 
phase of the Fourier transformation, since a Gaussian spot has zero phase at all fre- 
quencies. 
well as the Gaussian spot gain curves. 

Finally, the computer plotted all the phosphor gain and phase curves as 

The slit-scan tests were conducted on the unfiltered light from each of the tested 
phosphors and each color component of the wide -spectrum phosphors. 

Noise test. - The final test was a rough measurement of phosphor screen noise. 
This tes t ,  which was conducted without a target,  consisted of slowly scanning the spot 
across  the CRT screen  and observing the output of the photomultiplier tube. 
put was composed of a basic dc voltage with some ripple riding on it. Noise was de- 
fined as the ratio of the peak-to-peak ripple level to  the average dc level stated as a 
percentage; it was recorded for  each cathode-ray tube. 

This out- 

It has been observed that 
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higher quality tubes may display much lower ripple than those used in this experiment. 
Presumably, a manufacturer expends more  effort to  obtain higher quality screens on 
his better quality cathode-ray tubes. However, to some extent, some phosphors may 
be more  difficult to  apply uniformly than others,  and a screen  noise measurement such 
as the one in this experiment may identify those that are exceptionally difficult to  work 
with. 

PRECISION OF MEASUREMENTS 

Aside from the inherent accuracy of the equipment used, a possible source of 
experimental e r r o r  in these tests is the inability of an observer  to  locate the exact 
center of the oscilloscope trace. 
e r r o r  is 0 . 1  centimeter. This e r r o r  combines with the specified accuracy of the 
oscilloscope to give a full-scale horizontal accuracy of about 3 percent and a full-scale 
vertical  accuracy of about 4 percent. Since all frequency measurements were made by 
using the full horizontal scale ,  they are considered to be accurate within 3 percent. 
Amplitude measurements in the gain tests varied from full to quarter  vertical scale ,  
and their  accuracies a r e  assumed to  vary from 4 percent to  15 percent. During the 
slit-scan tes t s ,  i t  was found that the gains of Fourier transformations that were com- 
puted from different photographs of the same run never varied more than 15 percent 
f rom each other at any frequency where the data had significance. The relative light- 
output measurements a r e  considered to be accurate within 10 percent of the measured 
values. 

It is estimated that the maximum probable reading 

The data from the pulse tes t s  were subject to  greater inaccuracies than any other 
The pulses were not synchronized with the power line frequency, so  there is 

In addition, it is 
data. 
some possibility of data sca t te r  resulting from power supply ripple. 
difficult to  accurately determine the rise time to 100 percent of peak brightness and 
the decay time to 25 percent of the brightness at the end of the pulse, because thgse 
curves a r e  relatively flat in these regions. 
measurements were made by using only a portion of the horizontal scale,  so  these 
readings may be subject to inaccuracies up to  20 percent. 

Finally, many of the decay-time 

RESULTS AND DISCUSSION 

Data Format 

The rise and decay t imes measured in the pulse tests are presented in tabular 
form. Unusual characterist ics are pointed out in notes attached to the tables. 

Figure 4 is a sample graph intended to illustrate the format of the curves pre-  
sented and does not contain any actual data. The three  phase curves represent those 
curves computed directly f rom the Fourier transformations of the photographs taken 
at the three scan speeds. These computations used the peak of the spot profile a s  the 
zero  t ime reference. Actually, this peak may lag the center of the electron beam by 
a small  time interval as a result  of phosphor rise time. Typically, this timing e r r o r  
is no grea te r  than the electron beam dwell time. Such a timing e r r o r  will introduce a 
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Figure 4. Sample phosphor frequency-response arid light-output curues illustratitzg the fornut  of the data. 
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high-frequency phase lead that is not actually characteristic of the phosphor. There- 
fore,  to  be theoretically correct,  these curves should be modified by adding the phase 
lag of an appropriate time delay. No  attempts were made t o  add this phase lag, how- 
ever ,  inasmuch as timing e r r o r s  such as these are usually insignificant in television 
systems. 

Four gain curves are shown in figure 4. Two of the curves, labeled 'lLow-speed 
Gaussian spot'' and "High-speed Gaussian spot, 
Gaussian spot at the lowest and the highest scan speeds used i n  the slit-scan test. The 
gain of the mid-speed Gaussian spot is not shown, but its location is approximately 
half way between the low- and high-speed curves. The other two gain curves, labeled 
"Mid-speed phosphor'' and "High-speed phosphor , represent the actual phosphor gains 
determined from the slit-scan test. 
and the "High-speed Gaussian spot" curve, for  example, is the gain actually computed 
from the Fourier transformation of the high-speed slit-scan photograph. This product 
curve is not shown. 

represent the theoretical gains of a 

The product of the "High-speed phosphor" curve - 

No low-speed phosphor gain curve is shown. The "Low-speed Gaussian spot" 
curve matched the Fourier transformation of the low -speed photograph closely enough 
that no conclusions could be drawn from the quotient of the gain curves. 

The gain curve obtained from the Fourier transformation of the mid-speed 
photograph reached a very low value at fairly low frequencies because of the attenuation 
caused by the spot. 
was not possible to  compute the "Mid-speed phosphor" gain curve at frequencies higher 
than those shown in the figure. 

Since this gain curve had no significance at higher frequencies, it 

The table in the gain plot shows the conditions applicable to  the three slit-scan 
runs. The number adjacent t o  the "High-speed phosphor'' curve is the frequency in 
megahertz where the gain is 0 . 1 .  This frequency is the bandwidth of the phosphor. 
Although it is somewhat a rb i t ra ry  to  define bandwidth as that frequency at which the 
gain is 0. 1, this definition is a practical one. In actual practice, the highest useful 
frequency that can be obtained from a flying-spot scanner is fairly close to the defined 
phosphor bandwidth. 

Sample data obtained from the gain test are also shown in figure 4. The measured 
values of gain are shown as a series of seven discrete points that are not connected by 
a curve. 
slit-scan test because the two tests were conducted under different conditions. 
point of the gain test was obtained at n different dwell t ime, whereas each curve of the 
slit-scan test was computed for one particular dwell time. 
frequency point (the first) of the gain test was obtained under approximately the same 
conditions as were used in the low-speed slit-scan test .  
the fourth and seventh points w e r e  approximately the same as the conditions for the 
mid-speed and high-speed slit -scan tes ts .  respectively. 
fourth and seventh discrete points should fall, respectively, on the "Mid-speed 
phosphor" and "High-speed phosphor" curves. 

These points may not necessarily agree with the curves obtained from the 
Each 

In general, the lowest 

Similarly, the conditions for 

Thus it is expected that the 

The bottom plot of figure 4 shows the values of light output obtained from the gain 

This arrangement 
test. 
light-output points are vertically alined with the seven gain points. 

These values are plotted on a dwell-time abscissa. It can be seen that the seven 
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was chosen because each light-output point was obtained from the same test run as the 
gain point directly above it. Thus the dwell times used in the gain test can be read on 
the abscissa of the light-output plot. 

Re1 at iv e Rise t ime, psec. to - Decay time, psec, to - 
light . 

output 50 percent 75 percent 100 percent 50 percent 25 percent 

0.040 0.150 
1 0.040 0.100 1 . 0  . 038  .135  

,032  .060  

0.040 0.150 
1 /4 0.035 0 .085  0 . 8  .036 . 105 

.032  , 0 6 0  

0.040 0 .  150 
1/16 0.035 0 .080  0 . 8  . 0 3 5  . l o o  

. 035  .060 

0.040 0.160 
1/64 0.040 0.110 1 . 0  . 035  . l o o  

. 035  . O G O  

Other data such as screen noise, maximum recommended light output, and color 
are included in the discussion of each phosphor. The maximum recommended light 
output is given in terms of a load factor, which is defined in appendix B. The color 
was determined by subjective visual observation; spectral  curves are presented in 
appendix A. 

Some phosphors displayed characteristics that required variations in data format 
and content for an adequate description. These exceptions are explained for each 
phosphor. 

Pulse 
width, 
psec 
10 
1 

. 1  

10 
1 

.1  

10 
1 

. 1  

10 
1 

.1  

P-16 Phosphor 

Table 1 shows the results of the pulse test on P-16 phosphor. Allowing for some 
scatter in the data from experimental e r r o r s ,  it is seen that the r i se  time and decay 
t ime do not depend significantly on electron beam energy, but the decay time does 
seem to decrease somewhat as the pulses get shorter. 

TABLE 1. - PULSE DATA FOR P-16 PHOSPHOR 
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The following characterist ics were measured: 

P 

Re 1 at iv e 
light 

out put 

1 

1 /4 

1 / 1 G  

1/64 

Spot s ize  in  direction of scan . . . . . . . . . .  0.043 m m  
Spot s ize  normal to  scan . . . . . . . . . . . .  0.043 mm 
Noise level . . . . . . . . . . . . . . . . . . .  20 percent 
Color of emitted light . . . . . . . . . . . . . .  Bluish purple 

- 

I 1 0 0  percent 

P-16 phosphor ages very rapidly. The shorter  dwell t imes caused about a 15- 
percent loss  in light output after about 2 hours of operation, and the longer dwell t imes 
caused a 50 percent loss  in one-half hour. 
0.0015 pA/mm2 at a dwell t ime of 0 . 5  microsecond. 
at a moderately high rate .  
and that the light output more o r  l e s s  stabilizes after several  days of operation. 

The maximum recommended load factor is 
Even at this loading, aging occurs 

However, it appears that the rate of aging reduces with t ime, 

t 

This phosphor burns relatively easily. At a dwell time of about 2.2 microseconds , 
the phosphor burned rapidly. 
tests at higher repetition rates .  

It also burned during some of the higher energy pulse 

-- width. 
psec 50 percent 1 25  percent 

P-24 Phosphor 

0 .25  

0.40 

The results of the pulse tes t  on P-24 phosphor a r e  shown in table 2. Allowing for  
some scat ter  in the data from experimental e r r o r s ,  several  conclusions can be drawn. 

0.10 0 .35  10 
2 . 0  . 1 0  . 3 0  1 

. 0 8  . 2 1  . 1  

0 .20  0 .55  10 

. 13 . 3 4  .1 

~ 

3 .  0 1 .18 .4G 1 

0 . 4 0  

0 . 1 2  

TABLE 2 . -  PULSE D-ATA FOR P-24 PHOSPHOR 
-_ 

Rise t ime, psec.  to - I Decay time, psec.  to - I Pulse 

0 . 3 0  0 . 8 0  10 
3 .  5 . 2 5  .G5 1 

. 1 5  . 4 0  . 1  

0 .40  1 . 0  10 
0 . 2  . 30  .8 1 

. 14 .1 . 1  

50 percent 

0 .  10 

0 .15  

0 . 1 2  

0 . 1 0  

The first is that the r i s e  time var ies  considerably with electron beam energy, reaching 
a maximum at moderate loading 2nd decreasing for both heavy and light loading. 
addition, the shape of the r i s e  curve also var ies  with loading. 
phosphor requires about 30 t imes as much time to reach 100 percent as it does to 
reach 50 percent of peak brightness for the 1/16 light output, but it requires only twice 
as much time to reach 100 percent as it does to reach 50 percent of peak brightness 
for the 1/64 light output. 

In 
For example, the 
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Other conclusions can be reached by observing the decay times. The shape of 
the decay curve appears to be fairly constant over the range of the data. Decay to  
25 percent requires between 2 1/2 and 3 t imes  as much time as decay t o  50 percent of 
the brightness at the end of the pulse in  almost all instances. However, the decay 
t ime itself increases with increasing pulse width and decreasing load. A closer  study 
discloses that, at higher loads, decay t ime is heavily dependent on loading and only 
slightly dependent on pulse width. Conversely, at lower loads, decay time is heavily 
dependent on pulse width and only slightly dependent on loading. 

Figure 6 shows the frequency response obtained for  P-24 phosphor, as well as the 
light-output variation. The gains vary considerably with each other. The "Mid-speed 
phosphor1' curve, for  example, is higher than the "High-speed phosphor" curve. The 
discrete  points from the gain test suggest a still higher curve. 
higher than the "Mid-speed phosphor" curve,  and the seventh point is higher than the 
"High-speed phosphor" curve. Thus the resul ts  of the gain test and the resul ts  of the 
slit-scan test do not agree. 

< 

The fourth point is 

L. 

One fact  tends to  explain the apparent disagreement between the fourth and seventh 
points and their  respective phosphor curves. At the lowest scan speed in the gain test, 
the CRT spot actually grew larger than it was at the next higher speed. This spot 
growth probably occurred because, at long dwell t imes,  phosphor that was not actually 
struck by electrons was excited by nearby glowing phosphor and also began to  glow. 
The net effect was that the gains measured by the gain t e s t  at the lowest frequencies 
were slightly lower than they would have been if this spot growth had not occurred. 
the absence of this growth, the maximum gain would be la rger ,  and normalizing the 
gains would cause the higher frequency points to  be lower. Thus, the fourth point 
would agree more closely with the mid-speed curve and the seventh point would agree 
more closely with the high-speed curve. 

In 

The decay t imes,  as measured by the pulse test, suggest that long dwell t imes 
should decrease the bandwidth, since the decay time increases with increasing dwell 
time. However, the curves of figure 6 contradict this suggestion, since the higher 
bandwidths appear to be associated with long dwell t imes.  This contradiction can be 
explained in t e rms  of that portion of the decay curve that follows the 25-percent decay 
point. 
have an exceptionally long decay tail of relatively low amplitude. 
only a relatively small  fraction of the total spot energy at long dwell t imes.  
short  dwell t imes,  the fraction of energy in the long decay tail became large enough to  
adversely affect the phosphor's bandwidth. 

Although no precise measurements were made, P-24 phosphor did seem to 
This tail contained 

But at 

At first glance, it appears that  the highest bandwidth could be obtained from P-24 
phosphor by using a low scan speed to obtain long dwell t imes.  Although this is t rue,  
it is not practical because the gain obtained from scanning is actually the product of 
the phosphor and spot gains. At long dwell t imes,  the spot gain is low and l imits the 
overall bandwidth. 

Another method of improving the bandwidth of P-24 phosphor is suggested by the 
pulse data. Apparently, decay t ime can be reduced by increasing the electron beam 
energy. Since the cathode-ray tube tested could not produce more beam energy than 
was required for  the slit-scan test, a second tube was used for  fur ther  testing. This 
tube was of the same general c lass  as the first, but it was a much more expensive, 

15 



75 

45 

30 

Gain 

60- 

- 

- Mid-speed 

/ High-speed 

-45 

r .2 

- 

Slit-scan test conditions 
[spot size = 0.061 mm] 

. 01 I -1 1-. L 1 I 
.01 .M .W .07 . 3  .2 .4 .7 

. -.L-__-l-.-. 

5.4\ 

Slit-scan test conditions 
[Spot size = 0.061 mm] T .1 

.07 - 

.04 -Low 0.0269 2.4 
Mid .264 0.24 
High 2.92 .022 

- @  -Heavily 3.96 Estimatedat 

5can speed, m m b c c  Dwell time, ps 1 loaded .013 
. 01 Tn 1-. L 1 I _ _ _  . 1 . . - - - 1 1 -  

.01 .M .W .07 . 3  .2 .4 .7 1 2 4 7 

.L- 

_ _ _  
1 

1.._ I- 
2 4 7  

i 

phosphor -- 
I t  

' /  
/ 

. . . 

I i a n  High -speed spot 

1--. 
\ 
\ 

kHigh-spRd 
phosphor 

1- 1 I 
1 20 40 70 100 

Frequency, MHz 

Light output, 0 5 1  

PA * 4  

0 
0 

0 0  

Dwell time, wec 

Figure 6. P-24 phosphor frequency response and light output. 
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higher quality unit capable of delivering more beam energy to the screen in a smaller 
diameter spot. This cathode-ray tube was borrowed from another project and could 
not be mistreated. To avoid the r isk of burning the phosphor, no tests were conducted 
with high beam current and low scan speeds, but a high-speed slit-scan test was con- 
ducted at maximum beam current. The computed frequency response of the phosphor, 
corrected for the approximate effects of the spot size (estimated at 0.05 mm), is 
shown in figure 6 as a pair  of dashed curves labeled "Heavily loaded phosphor. '' The 
bandwidth is 12 megahertz, compared to the previous value of 5 .4  megahertz. The 
light-output load factor was about 7 t imes greater than that of the previous test. A 
second test was conducted on this cathode-ray tube at a load factor equal to that of the 
first tube. 
cating that the phosphors in the two cathode-ray tubes were identical in bandwidth 
characterist ics,  at least at ome load factor. Other tests showed that bandwidths lower 

higher than 12 megahertz may be obtainable at very high load factors, but such tests 
were beyond the capabilities of the equipment available for  this experiment. 

4 The resulting bandwidth reduced to that produced by the first tube, indi- 

< than 5 .4  megahertz are obtained at lower load factors. It is possible that bandwidths 

The light output increases up to 75 percent with decreasing dwell time. The slight 
increase in light output at the longest dwell time was probably caused by the spot 
growth discussed previously. 

The gain test and the slit-scan test were also conducted on each of the individual 
colors of the light from P-24 phosphor. All results were  identical to the results ob- 
tained with unfiltered light. 
the three colors were  as follows: 

The relative signal levels in the photomultiplier tube from 

Red . . . . . . . . . . . . .  7 percent 
G r e e n .  . . . . . . . . . . .  50 percent 
Blue. . . . . . . . . . . . .  43 percent 

The following characterist ics were measured for the first cathode-ray tube: 

Spot size in direction of scan . . . . . . . . . .  0 . 0 6 4  mm 
Spot size normal to scan . . . . . . . . . . . .  0 . 1 2 8  mm 
Noise level . . . . . . . . . . . . . . . . . . .  8 percent 

Green Color of emitted light . . . . . . . . . . . . . .  
This phosphor did not age noticeably during any of the tests. It was also very 

resistant to burning. None of the tests resulted in screen damage, even though very 
long dwell t imes were  t r ied and high repetition rates were  applied to tlbe most severe 
pulse teats. The maximum recommended load factor is 0 , 0 0 3  ,uA/mm2 at a dwell time 
of 0.5 microsecond. This load factor was chosen because spot growth occurred at 
higher loads. 

The characteristics of P-24 phosphor are such that it can be operated safely at 
high load factors where maximum bandwidth is obtained. Under these conditions, it 
will produce a great deal of light, which usually contributes to a good signal-to-noise 
ratio at the output of the photomultiplier tube. 
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P-36 Phosphor 

Relative 
peak 
light 

output 
(a) 

1 

1/4 

1/16 

Table 3 shows the resul ts  of the pulse test on P-36 phosphor. Allowing for some 
sca t te r  in the data resulting from experimental e r r o r s  , several  conclusions can be 
drawn. 
long pulses, the decay time increases with decreasing beam energy. 
the decay time is fairly constant for  varying beam energy. Increasing pulse width 
always increases decay t ime, but this  effect is more pronounced at the lower beam 
energies. 
dependent characteristics of this phosphor because of the loss of light output under 
constant loading described in the footnote of table 3.  This characteristic looks like a 
type of decay, which makes it difficult t o  relate rise and decay t imes to  the frequency 
response. 

The f i rs t  is that the rise time decreases with increasing beam energy. For 
For  short pulses, 

The rise and decay t imes ,  however, are not sufficient t o  describe the t ime- 

Relative 
light 

output 
af ter  

10 psec ,  
percent 

(a) - -  

30 

63 

95 

TABLE 3.-PULSE DATA FOR P-36 PHOSPHOR 

Rise  t ime,  psec ,  to  - 
__ .~ 

100 percent 

0.80 

2 . 0  

4.0 

Decay t ime,  psec ,  to  - 

50 percent 

0 .12 
.06  
. 0 4  

0.18 
. 0 7  
. 05  

0.20 
. I 4  
. 0 5  

~. 

25 percent 

0.50 
.24  
. 1 0  

0 .65 
.30  
. 14 

0.80 
.50 
.10  

Pulse 
width, 
psec  

- 
10 
1 

. I  

10 
1 

.1 

10 
1 

. 1  

aP-36 phosphor responded to pulses by r is ing to  a peak light level, and then, with t h e  pulse 
still on, the light level began to decrease.  
values of light reached during the var ious pulses. The relat ive light output a f te r  10 psec is 
the pulse amplitude after 10 psec  compared to i ts  own peak, which occurred earlier during 
that s ame  pulse. 

The relat ive peak light output compares  the peak 

Figure 7 shows the frequency response obtained for P-36 phosphor, as well as the 
The gains vary considerably with each other. The "Mid-speed light-output variation. 

phosphor" curve is higher than the "High-speed phosphor" curve, showing that P-36 
phosphor. like P-24 phosphor, has increased bandwidth at longer dwell times. The 
fourth discrete point of the gain test closely matches the "Mid-speed phosphor" curve. 
and the seventh point closely matches the "High -speed phosphor" curve. 
results of the gain and slit-scan tests agree. 
12 megahertz for dwell times between 0.01 microsecond and 0.04 microsecond. 
trapolating from the known data, it is logical to assume that the bandwidth probably 
decreases slightly for  shor te r  dwell t imes and iiicreases slightly for longer dwell 
times. 
and since the spot gain causes low bandwidth at long dwell t imes,  the scanning band- 
width has a maximum near 12 megahertz. 

Thus the 
The bandwidth of P-36 phosphor is  

Ex- 

However, since the scanning gain is the product of the spot and phosphor gains. 
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Figure 7. P-36 phosphor fiequency response and light output. 
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The light-output curve has a relative maximum around a dwell time of 0 . 1  micro- 
second. Longer dwell t imes result in a slight loss of light output, and shorter  dwell 
times cause a sharp loss  of light output. At a dwell time ,of 0.013 microsecond, the 
light output is only 67 percent of the maximum. 
shorter  dwell times. 

This trend is still more pronounced at 

The gain test and the slit-scan test were  also conducted on each of the individual 
colors of the light from P-36 phosphor. These tests showed that each color behaved 
much differently from unfiltered light. In fact, the three colors could be considered 
three different phosphors. 
vidual colors. All the scanning conditions for each color test duplicated the cor re-  
sponding conditions for  the test using unfiltered light. However, the measured spot s ize  
changed from color to color. The measured values were as follows: 

Figures 8 to 10 show the frequency responses of the indi- 

# 
Unfiltered light . . . . . . . . . .  0.044 mm 
Red light . . . . . . . . . . . . .  0.049 mm 
Green light . . . . . . . . . . . .  0.044 m m  
Blue light . . . . . . . . . . . . .  0.041 mm 

Since this variation did not occur during the color tests of the other phosphors, poor 
color correction in the optical system was probably not the cause. Instead, the non- 
linear, color-sensitive properties of this phosphor probably resulted in a larger  a rea  
emitting red light than the area emitting blue light. 

The gain curves in figures 8 to 10 show that the bandwidth var ies  from 3 .8  mega- 
hertz for red light to 18 megahertz for green light to 26 megahertz for blue light. The 
red light is the only color that has a large increase in bandwidth with increased dwell 
time. The variations for  green and blue light are not considered significant, inasmuch 
as they agree within the experimental accuracy. The seventh point that should have 
been obtained from the gain test on the red  light was too small  to be readable on the 
oscilloscope. However, the fourth point should agree with the “Mid-speed phosphor’’ 
curve. The point is actually slightly high, probably because of spot growth similar to 
that described for P-24 phosphor. 

Figure 11 shows all the light-utput curves for the three colors. Two strong 
trends are evident. 
time is decreased. 
creases  rapidly. 

Firs t ,  the light exhibits a spectral shift toward the red as dwell 
Second, at short  dwell t imes,  the light output of each color de- 

The following characteristics were  also measured: 

Spot size normal to scan for all 

Noise level . . . . . . . . . . . . . . . . . . .  7 percent 
Color of emitted light . . . . . . . . . . . . . .  Yellow 

the light . . . . . . . . . . . . . . . . . . . .  0.088 mm 

P-36 phosphor lost about 10 percent of its light output during the tests. In addition, 
it burned slowly when a dwell time of 3 . 4  psec was used. Similarly, the highest 
energy pulse test also caused either slow burning o r  rapid aging. 
ommended load factor is 0.003 pA/mm2 at a dwell time of 0.5 microsecond. Thus, 
P-36 phosphor has moderately high resistance to burning and aging. 

The maximum rec- 

20 



t 
45t 30 

Phase, l5 t 
deg -30 -lm 

Low-speed 
phosphor 

- =  

h 
1 I I  

.07 

High 3.66 

. 01 I I  I 

High-speed 
Mid-speed phosphor 

phosphor 

I I 1  I I I 

Mid-speed 
phosphor 

High-speed 
phosphor 

I I  I 
.01 .02 .04 .07 .1 .2 .4 . 7  1 2 4 7 10 20 40 70 1Oi-J 

Frequency, MHz 

1 1 1 1  1 I l l  I I 
2 1 .7 .4  .2 .1 .07 .W .02 .01 

Dwell time. IJSK 

Figure 8. P-36 phosphor red-light frequency response. 
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Figure 9. P-36 phosphor green-light frequency response. 

22 



30 

15 Phase, 
deg 

-45 

.011 1 I I 1  1 1  
.01 .02 .W .07 .1 .2 . 4  . 7  

Low-speed 

phosphY 

1 1 1  
I 2 4 7 

I I I  

Low-speed 

Gain . 1  "I .02 

\ Gaussian spot 

1 

\ Slit-scan test conditions 
[Spot size - 0.041 mm] 

Scan speed, mmlwec Dwell time, psec 

High 3.66 .0115 

Mid-speed 

phosphor / 

1 I I  

phosphor 

High -speed 
phosphor 

ligh-speed 3, 
High-speed 

phosphor \ 
u 

20 40 70 

I 1 1  1 1 I 1  1 - 1  I 
2 1 . 7  .4  .2 .1 .07 .W .a? .01 

Dwell time, wec 

Figure I O .  P-36 phosphor blue-light frequency response. 

23 



Green 

.. ._ .. 

Pulse 
width, 
psec  

I - 

I Blue 

Relative 
peak 
light 

output 
( 4 

___I__ 

I I 1 . -  1 1 . - J  
2 1 .7 . 4  .2  .1 .07 .M .02 .01 

O U I  

Dwell time, psec 

He1 ativ e 
light 

output 
after 

10 psec ,  
percent 
(a) 

Figure 11. P-36 phosphor color light output. 

P-37 Phosphor 

Table 4 shows the resul ts  of the pulse test on P-37 phosphor. Allowing for some 
scat ter  in the data from experimental e r r o r s ,  several  conclusions can be drawn. The 
first i.s that the rise t ime decreases with increasing beam energy. Long pulses result  
in longer decay t imes than short pulses. Beam energy has only a small  effect on decay 
t ime, and this effect occurs only at very low beam energy. The rise and decay t imes,  

TABLE 4. - PULSE DATA FOR P-37 PHOSPHOR 

1 I 1.8 ---+- 
l/’4 I 63 

1/16 I 98 

-~ - - - ~  - - -  . . . .  - 

Rise  t ime,  psec ,  to  - 

50 percent. 

- 

0.05 

-- 

0.15 

~~ 

0. GO 

- -  

............. -. - --_- 
Decay t ime,  psec ,  to - 

......... 

50 percent 

- 
0.08 

.04 

. 0 3  

0.08  
.06  

.035 

0 .10  
. 0 8  
. 0 3  

. __ .. 

-. 

. _- 

25 percent 

- 
0.25 

.14 

. 0 7  

0.25 
.20 
. 0 8  

0.32 
.26  
.06 

_ _ _  

. _ _  

_ _  
aP-27 phosphor responded to pulses by r is ing to a peak light level ,  and then, with the 
pulse still on, the 1igb.t level began to decrease.  
the peak values of light reached during the var ious pulses. 
after 10 psec  is the pulse amplitude a f te r  10 psec  compared to its own peak, which 
occurred earljer during that s ame  pulse. 

The relat ive peak light output compares  
The relat ive light output 
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however, are not sufficient to  describe the time -dependent characteristics of this 
phosphor because of the loss  of light output under constant loading described in the 
footnote of table 4. 
ficult to  relate rise and decay t imes to the frequency response. 

This characterist ic looks like a type of decay, which makes it dif- 

Figure 12 shows the frequency response and the light-output variation obtained for 
P-37 phosphor. 
These curves show that the gain is reasonably independent of dwell time. 
show that the bandwidth of P-37 phosphor is about 34 megahertz. 
creases about 60 percent as the dwell t ime is decreased by a factor of 100. 

All the gain curves agree wit,hin the accuracy of this experiment. 
They also 

The light output de- 

The following characteristics were measured: 

Spot size in direction of scan . . . . . . . . . .  0.040 mm 
Spot s ize  normal to scan . . . . . . . . . . . .  0.060 m m  
Noise level . . . . . . . . . . . . . . . . . . .  18 percent 
Color of emitted light . . . . . . . . . . . . . .  Blue 

This phosphor did not age o r  burn during the tes ts ,  although a load was applied 
that was three t imes the maximum load of the gain test. 
determine a nmxiiiium recommended load; however, an experienced observer can fre- 
quently determine a reasonable loading level for a phosphor by obseiving the raster. 
This method is, of course, highly subjective. 
determined by visual observation is about 0. 005 pA/mni2 at :L dive11 time of 0.  5 micro- 
second. 

From this it w a s  difficult to 

The maximum recommended loading 

P -X42 Phosphor 

P -X42 phosphor w a s  the most unusual phosphor tested. The test  procedures iisecl 
on the other phosphors were unsuitable for  P-X42 phosphor because of several of i ts  
ch:iracteristics. First, it had the fastest r i se  and decay times and the highest band- 
width of all the phosphors tested. 
adequate to measure the speed of this phosphor. 
high screen noise that the gain test could not be used. 
100 percent; that is, the light output varied from 50 percent to 150 percent of the 
":iverage" level during scanning. 
cfficiency. 
was  obtained from the other phosphors. 
different from Gaussian. 
that were reasonably close to Gaussian. 

In fz~ct, the bandwidth of the tes t  equipment was in- 
Second, P-X42 phosphor had such 

The screen noise was about 

Third, P-X42 phosphor exhibited a relatively lov7 
This characteristic made it impossible to obtain the same light output LIS 

Fourth, the low-speed spot profile w a s  very 
All the other phosphors produced lonr-speed spot profiles 

Table 5 shows the resul ts  of the pulse test on this phosphor. The only conclusions 
that can be reached Lvith confidence are that the decay time increases with increasing 
pulse width, and the shape of the rise curve varies with beam energy. The r i s e  and 
decay t imes shown in the table may be somewhat too long. since the r i s e  time of the 
measuring circuit probably affected the results. 

F o r  the slit-scan test, the light output, ivhich \vas adjusted to  the maximum c:tpa- 
bility of the cathode-ray tube, was 0. 035 micro:impere. 
is less  than 10 percent of the outputs of the other phosphorst w.3~ caused by two factors. 

This  Ion light output, Lvhich 
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Figure 12. P-37 phosphor frequency response and light output. 
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TABLE 5 .  - PULSE DATA FOR P-X42 PHOSPHOR 

Relative 
1 ight 

output 
~~ - .. 

1 

1/4 

1/16 

~~ 

Rise time, psec. to - 
j0 percent 

0.02 

0.02 

0.02 

7 5  percent 100 percent I --I 
0.16  I 2 . 0  

0.35 I 2 . 0  

Decay time, psec. to - I%:, 1 
50 percent 

0.020 
.020 
.014  

0.020 
. O l G  
. 010 

0.020 
. O l 6  
. 0 1 2  

First, as mentioned previously, the efficiency of the phosphor is low. Second, the 
anode of the cathode-ray tube was operated at only 15,000 volts, compared t o  
22,000 volts for the other tubes. This low-voltage operation was necessary because 
the spot could not be focused at higher anode voltages without exceeding the rated 
voltage of the focus electrode. The light output was found t o  be constant, completely 
independent of dwell t ime,  repetition rate, o r  any other variable except beam energy. 
Thus it was unnecessary to  plot light output. 

The results of the slit-scan test on P-X42 phosphor were not s imilar  to  the resul ts  
obtained from the other phosphors. 
spot size and shape did not change enough to measure. 
that P-X42 phosphor has a gain of unity over a wide frequency range. 
the only meaningful resul ts  obtained from the slit-scan test. 
actual Fourier transformations of the spot profiles obtained at relatively long and 
short  dwell t imes,  respectively. 
amount equal to  the rat io  of the two dwell t imes,  is the theoretical prediction of 
curve B if  no frequency attenuation had occurred. 
divided by curve C y  shows the attenuation that actually occurred between the two test 
cases.  
curve is the gain of P-X42 phosphor, the photomultiplier tube, the oscilloscope, and 
the interconnecting circuit ,  all in series. 
cantly to this result ,  and it is not possible to  determine the relative contribution of 
each. 
and an extrapolation suggests that it may be well in excess of 100 megahertz. 
this result  shows that the test circuit  is adequate to  at least 40 megahertz. 

At all except the very shortest  dwell t imes,  the 
This result  strongly suggests 

Curves A and B are the 
Figure 13 shows 

Curve C y  which is curve A shifted to the right by an 

Gain curve D, which is curve B 

This It is observed that curve D is down only 3 decibels at 40 megahertz. 

Each element probably contributes signifi - 

But it is certain that the bandwidth of P-X42 phosphor is at least 80 megahertz, 
Also, 

The phase curves also follow these results.  The shape of curve A, when shifted 
t o  the curve C position, is s imilar  to that of curve  B. Such close agreement suggests 
that the variations in curve A a r e  caused by such time-independent factors as the 
optical system and the actual profile of the electron beam. These variations are 
closely preserved at the shor te r  dwell time. For clari ty,  the phase angle curve D was 
not shown in figure 12. However, since curve D would be the difference between 
curves B and C y  it can be seen that the phase of the phosphor and the measuring circuit  
in series is within eo up t o  40 megahertz. 
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Figure 13. P-XS.2 phosphor frequency response. 

The following characterist ics were measured: 

Spot s ize  in direction of scan . . . . . . . . . .  0.060 rnm 
Spot s ize  normal to  scan . . . . . . . . . . . .  0.060 mm 

Green Color of emitted light . . . . . . . . . . . . . .  
No spectral  distribution curves were available from the manufacturer of thi.s 

phosphor; however, the color appeared to be similar to  that of P-24 phosphor. A 
slightzy better indication of the spectral  distribution curve wits obtained by measuring 
the relative energy in the red,  green, and blue regions. 
ments for P-X42 phosphor and the corresponding measurements for P-24 phosphor 
were as fo'ollows: 

The results of these measure-  

P -X42 P -24 

Red . . . . . . . . . . .  6 percent 7 percent 
Green . . . . . . . . . .  63 percent 50 percent 
Blue.  . . . . . . . . . .  31 percent 43 percent 

28 



These data suggest that the spectral  distribution of P-X42 phosphor has a littie more 
energy in the green band and a little less in the blue band than P-24 phosphor. 

P-X42 phosphor did not age o r  burn during any of the tests. Several attempts 
were  made to  damage the screen  by scanning at very  low speed with high repetition . 

rates. These attempts succeeded in discoloring the screen slightly along the scan line, 
but failed to cause a measurable change in light output o r  any other characteristic. 
The beam was never held stationary at high current,  however. Visually, the phosphor 
never appeared to be overloaded. 
ommended for  this phosphor. 

Therefore, no maximum load factors can be rec- 

Relative 
light 

output 

1 

.. 

1/4 

1/16 

~~ 

1/64 

P-SP Phosphor 

Table 6 shows the resul ts  of the pulse tes t  on P-SP phosphor. Allowing for some 
scat ter  in the data from experimental e r r o r s ,  several  conclusions can be dra.wn. The 
rise curve becomes s teeper  at its leading edge as the beam energy decreases. The 
decay t ime increases significantly with. increasing dwell. t ime and increases very 
slightly with decreasing beam energy. 

TABLE 6. - PULSE DATA FOR P-SP PHOSPHOR 

Rise t ime, psec,  

50 percenl 

0 .070  

~- 

. . 

0.025 

0 .010  

0.010 

75 percent 

0.26 

-._-_- 

0 .20  

0 .10  

0.015 

Figure 14 shows the frequency response obtained from P-SP phcsphor. All tests 
produced gain curves that w e r e  virtually ident icd,  which shows t h a t  the gain does not 
depend on dwell time. The bandwidth of P-SP phosphor is 2 1  megahertz. 

The light out.put of P-SP phosphor did not vary more than 10 percent for  m y  of the 
scan speeds; thus, it was not necessary to plot a light-utput curve. 

The gain and s l i t - s can  tests were also conducted on each color of the light from 
P-SP phosphor. The bandwidth 
of blue light is 25 megahertz, and the bandwidth of red and green light is 19 megahertz. 

Figure 15 shows the frequency responses obtained. 
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Figure 14. P-SP phosphor frequency response. 
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Figure 15. P-SP phosphor color frequency response. 
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The relative amounts of each color remained constant for all test conditions at the 
following values : 

Red . . . . . . . . . . .  23 percent 
Green . . . . . . . . . .  44 percent 
Blue. . . . . . . . . . .  33 percent 

The following characterist ics were measured: 

Spot size in direction of scan . . . . . . .  
Noise level . . . . . . . . . . . . . . . .  20 percent 

0.033 mm 
0.066 mm 

Yellowish white 

. . . . . . . . .  Spot size normal to scan 

Color of emitted light . . . . . . . . . . .  
This phosphor did not burn during any of the tests. An aging test  was conducted 

which consisted of scanning at the same conditions as in the low-speed slit-scan test  
for about 2 hours. The light output reduced about 20 percent. A visual observation 
suggested that the phosphor was loaded a little too heavily for satisfactory screen life. 
These factors resulted in a maximum recommended loading of 0.004 pA/mm2 at a 
dwell time of 0.5 microsecond. 

Comparison of the Phosphors 

Several general results seem to be applicable to  most of the tested phosphors. The 
repetition rate ,  for example, did not appear to affect any of the characteristics of 
these phosphors as long as the average loading did not cause burning. Possibly this 
result is t rue  only as long as the res t  period between excitations is long compared to 
the decay time. No repetition rates were applied in excess of 1 kilohertz. 

The r i se  and decay t imes measured by the pulse tests do not seem to be precisely 
related to  the bandwidths found in the other tests. For  example, the pulse tests showed 
that the decay t ime of P-16 phosphor at maximum loading and minimum pulse width 
was 0.032 microsecond to 50 percent and 0.060 microsecond to  25 percent of the bright- 
ness at the end of the pulse. The corresponding decay t imes for P-37 phosphor were 
0.03 microsecond and 0 . 0 7  microsecond. The bandwidths were 22 megahertz for P-16 
phosphor and 34 megahertz for P-37 phosphor. Clearly, the relative decay t imes do 
not suggest that P-37 phosphor had a bandwidth 50 percent higher than that of P-16 
phosphor. 

The decay times of all of the phosphors increased with increasing pulse width at all 
levels of electron beam energy. However, this characteristic never caused an appreci- 
able loss in bandwidth at long dwell times. In fact, two phosphors actually had higher 
bandwidths at long dwell times. These contradictions are probably the result of not 
considering the entire nonlinear time and load characteristics of the r i s e  and decay 
curves. 

All phosphors except P-24 seemed to have bandwidths that did not change appreci- 
ably with electron beam current density. The decay t imes at minimum pulse width 
also showed little or  no change as the light output changed from maximum to one- 
fourth maximum (these conditions most closely approximate the scanning conditions) 
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for  all phosphors except P-24. Both of these results support the conclusion that, with 
the exception of P-24 phosphor, the bandwidths are either constant or depend primarily 
on dwell time for the loadings applied in these tests. The bandwidth of P-24 phosphor 
depends on both beam current density and dwell time. Although it was not actually 
measured, the data suggest that the bandwidth of P-24 phosphor may depend on the 
product of dwell time and beam current density, which is essentially total energy per 
unit a rea  delivered in each sweep. 

No attempts were made to study the effects of accelerating voltage on the band- 
width. Although it is assumed that the phosphor is sensitive to  total beam energy only, 
it may make a difference if a fixed amount of energy is received as  high voltage and 
low current one time and high current and low voltage another time. 

Table 7 shows some comparative data for the phosphors tested. Two maximum 
recommended load factors are shown for each phosphor. The first is the one deter-  
mined from long dwell times. The second is intended to apply to short dwell times and 
accounts for the gains or losses of light output that resulted from changing the dwell 
time. Appendix B presents the equation required to adjust the load factor. 

TABLE 7. -COMPARISONS OF SM PHOSPHORS 

Phosphor  

P-16 

P-24 

P-36 

P-37 

P -X42 

P-SP  

Bandwidth, MHz 

22 

5 . 4  to 12, highly 

12 

34 

Probably  o v e r  10' 

21  

var iab le  

dax imum recommended  
oad f a c t o r ,  pA/mm2,  
it a dwell  t i m e  of - 

0 . 5 p s e c  I 
0.0015 

0 .003  

0 .003  

0.005 

Indete 

I 0.004 

0.015 p s e c  
0.002 

0.005 

0.002 

0.002 

rmina te  

0 .004 

iielative 
noise 

3 . 7  

6 .  G 

2 . 7  

4 . 3  

3 6 . 0  

4 . 4  

F a c t o r s  tha t  affect 
the bandwidth 

Constant  

Beam c u r r e n t  and 

Dwell Lime 

Cons tan t 

None tha t  w e r e  
m e a s u r a b l e  

Constant  

dwell t i  m e  

Rem a r It s 

Burns  eas i ly  and ages 
rapidly 

Highly res i s tan t  to 
burning and aging 

Strong s p e c t r a l  shift  
with load var ia t ion  

Light output r e d u c e s  
f o r  s h o r t  dwell t i m e  

Too noisy to b e  usable ,  
inefficient 

V e i y  wide v is ib le  
s n e c t r u m  

The relative noise was computed by multiplying the measured noise level by the 
approximate spot a rea  and scaling the product arbitrarily. This multiplication is in- 
tended to account for the effect of spot size on screen noise. The measured screen 
noise is assumed to be inversely proportional to spot area. The numerical values of 
the relative noise have no absolute meaning. They only serve to compare the phosphors. 

The relative noise is not necessarily a fixed characteristic of a phosphor. Ignoring 
P-X42 phosphor, the highest relative noise was measured for P-24 phosphor. How- 
ever,  the second cathode-ray tube that was tested with P-24 phosphor had a much 
lower relative noise, probably about 1. These two cathode-ray tubes were very dif- 
ferent in quality and price, and one of the higher quality features of the second tube 
was the reduced screen noise. Thus it is possible that the relative noise figures are 
only indicative of the workmanship applied to  the various screens. 

The maximum recommended load factors are surprisingly similar. They indicate 
that, of the phosphors tested, none can safely produce vastly more light than another. 
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Since light output usually determines the signal -to-noise ratio, and, since the signal- 
to-noise ratio is usually proportional to  the square root of the light output, it is con- 
cluded that signal-to-noise ratios are likely to  be within a factor of 2 of each other, 
regardless of the phosphor used. 

The bandwidths shown in table 7 were  measured by using only one sample of each 
phosphor except P-24, for which two samples were  used. Other studies, such as that 
described in reference 2 ,  have shown that decay time can vary with such factors as 
aging and temperature. Also, different samples of the same type of phosphor may dis- 
play large variations in decay time. These variations suggest that the bandwidths may 
also vary in a similar manner. Thus the bandwidths measured in this experiment may 
not necessarily apply to all samples of a particular phosphor type. 

P-X42 phosphor displayed a combination of very desirable and very undesirable 
features. The screen noise appeared to be the worst feature. Most probably, this 
experimental phosphor did not lend itself to known screen-making methods. It was 
also less efficient than the other phosphors tested. This disadvantage, though, did not 
appear to be as serious as the screen noise. The phosphor resisted burning well and 
would probably have produced a reasonable amount of light if a cathode-ray tube were 
used that could have produced high beam energy. The very high bandwidth i s ,  of 
course,  an extremely desirable feature that could greatly increase the capability of 
flying-spot scanners. 

Bandwidth Maximization 

One of the most common problems facing the designer of a flying-spot scanner is 
maximizing the bandwidth. 
make the spot gain near unity at the highest frequency that the phosphor can produce. 
Scanning at higher speeds will not improve the scanning bandwidth. In fact, for such 
phosphors as P-24 and P-36, excessive scan speed can actually reduce the scanning 
bandwidth because the phosphor bandwidths decrease with decreasing dwell time. 
haps a good way to select a dwell time is to position the -3-dB point on the gain curve 
of a Gaussian spot at the frequency where the phosphor gain is 0.1.  As shown in ap- 
pendix C, the -3-dB point of a Gaussian spot is where the product of frequency and 
dwell time is 0.3. Thus the optimum $well time for a particular phosphor is 0 .3  
divided by its bandwidth. 
by dwell time. 

This can be done by scanning at a speed just high enough to  

Per- 

The optimum scan speed then becomes the spot size divided 

SUMMARY O F  RESULTS 

A ser ies  of tests on six phosphors to determine their  frequency responses and 
other properties applicable to flying -spot scanners yielded the following results : 

The five production phosphors tested, P-16, P-24, P-36, P-37, and P-SPY had 
some characteristics in common. 
a detector with S-20 spectral response. 
t imes the minimum. 
function of repetition rate i f  the ra te  was below 1 kilohertz and the phosphors were not 
burned by overloading. 

They produced similar amounts of light, as seen by 
The maximum light produced was only 3 1/3 

The frequency responses of these phosphors did not change as a 
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The frequency response of P-16 phosphor did not vary with changes in beam 
current o r  dwell time. 
22 megahertz. 
dwell time. 
produce as much light as the other phosphors at long dwell times. 

The bandwidth (the frequency at which the gain is 0.1) was 

Since the phosphor burned easily and aged rapidly, it could not safely 
The light output increased with constant beam current and decreasing 

The frequency response of P-24 phosphor varied with changes in beam current and 
dwell time. Both increasing beam current  and increasing dwell time caused increases 
in  the bandwidth. Bandwidths were measured that ranged from 5 . 4  megahertz to  
12 megahertz. The light output increased with constant beam current  and decreasing 
dwell time. Since the phosphor was highly resistant to  aging and burning, it could 
produce more light than the other phosphors at short  dwell times. 

The frequency response of P-36 phosphor varied with changes in dwell t ime but 
not with changes in  beam current.  
dwell t ime was 12 megahertz. 
t ime of 0 . 1  microsecond, decreasing for  other dwell t imes.  
shift toward the r ed  with decreasing dwell time. 
amounts of light and had moderate resistance to  burning and aging. 

The maximum realizable bandwidth at optimum 
The light output had a relative maximum around a dwell 

It exhibited a spectral  
This phosphor produced moderate 

The frequency response of P-37 phosphor did not vary with changes in beam cur-  
rent o r  dwell t ime. 
relative maximum at a dwell time of 0 .5  microsecond, decreasing for other dwell 
t imes.  This phosphor had moderately high resistance to burning and aging and could 
produce more light than the other phosphors at long dwell t imes.  

The bandwidth was about 34 megahertz. The light output had a 

The frequency response of P-SP phosphor did not vary with changes in  beam cur-  
The light had a wider spectral  rent o r  dwell t ime. 

distribution in the visible range than any of the others,  and both light output and 
spectral  distribution remained constant at constant beam current and varying dwell 
time. 
resistance to  burning and aging. 

The bandwidth was 2 1  megahertz. 

This phosphor produced a moderately high light output and had moderately high 

P-X42, an experimental phosphor, had a bandwidth so  high that its frequency re- 
sponse could not be measured. The bandwidth is known to be at least 80 megahertz and 
may be well in excess of 100 megahertz. 
dwell time were measured. Although this phosphor was highly resistant to  burning and 
aging, it did not produce as much light as the other phosphors tested. Also, the 
screen was so noisy that this cathode-ray tube would not be usable in  a flying-spot 
scanner. 

No changes in light output as a function of 

Flight Research Center, 
National Aeronautics and Space Administration, 

Edwards, Calif., May 20,1970. 
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APPENDIX A 
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The spectral emission curves of five of the phosphors tested and the spectral 
sensitivity curve of an 5-20 photocathode are shown in figure 16. These curves were 
furnished by cathode -ray tube and photomultiplier tube manufacturers. 
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Figure 16. Phosphor and photocathode spectral curves. 
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APPENDIX B 

DERIVATION OF PHOSPHOR LOAD FACTOR 

A load factor can be computed for a phosphor based on light output. The load 
factor, which is analogous to  the average brightness of a scan line, is the average light 
output per unit area. Assuming that the duty cycle is the product of dwell t ime and 
repetition ra te ,  and assuming that the spot area is approximately its width t imes its 
height, the load factor becomes 

ZnT FE- 
wh 

where 

F = load factor 

1 = instantaneous light output 

n = repetition rate of the scan 

T = dwell time of the electron beam, w/v 

w = spot size between the half-amplitude points in the direction of scan (width) 
v = s c a n  speed 

h = spot s ize  between the half-amplitude points normal to  the scan (height) 

This load factor, which has dimensions of light output per  unit a rea ,  is useful as a 
measure of the maximum loading that a phosphor can withstand before it burns. 

Some phosphors change the i r  light output when the dwell t ime is changed, even 
though the energy loading applied to  the screen  is not changed. P-24 phosphor, for 
example, will increase its light output by about 75 percent if the dwell t ime is reduced 
from 1 microsecond to  0.02 microsecond, even though the beam energy is constant 
and the repetition rate is increased to compensate for the decreased dwell time. For  
such phosphors, the maximum safe load factor var ies  in proportion to  the light output. 
Therefore, for  any dwell t ime t ,  the load factor becomes 

1 

F=FIT 
where 

F1 = load factor at dwell t ime tl 
2 = relative light output at dwell t ime t 

2 ,  = relative light output at dwell time tl 

The relative light output as a function of dwell t ime can be obtained from the light- 
output curves in the main body of this paper. 
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APPENDIX C 

DERIVATION OF THE FREQUENCY RESPONSE OF A GAUSSIAN SPOT 

The frequency response of a Gaussian spot is found by taking the Fourier t rans-  
formation of the spot profile. The Fourier transformation H (functional notation) is 
defined as 

og 

H(f) = I e -i2nft G(t) dt 
-03 

where 

i =+i- 

f = temporal frequency 

t = t i m e  

G = amplitude of a Gaussian distribution (functional notation) 

A Gaussian distribution is defined as 
2 

X _ -  
2 1 2 0  

G(x) = G 2  e 

where 

x = distance coordinate 

CT = one standard deviation on a Gaussian distribution based on distance 

The distance between the half -amplitude points is 

w = 2 0 F 2  

where 

w = spot size between half-amplitude points 

Replacing (T in the expression for the Gaussian distribution results in 

4x2 ln2 _- 



APPENDIX C 

The spatial parameters  are related to the temporal parameters  by the expressions 

G(t) = vG(x) 

w = v T  

x = vt 

f =vfs  

where 

v = spot velocity (scan speed) 

f, = spatial frequency 

T = spot dwell t ime between half-amplitude points 

Thus the Gaussian distribution becomes 

4t21n2 
41n2 e G(t) = 

Taking the Fourier transformation results in 
4 t2 ln2 -~ 

H(f) = /* e -i2.irft JFC T' dt 
--a) 

- 7r2f ?r2 
41n2 M e  -3. 56(fT)2 H(f) = e 

Equations (1) and (2) show that 

f s w =  - (vT) =fT (F ) 

(3) 

(4) 

Therefore,  the nondimensional product of temporal frequency and dwell t ime in equa- 
tion (3) can be replaced by the nondimensional product of spatial frequency and spot 
size.  
spot is 3 dB down when ff (or fsw) is approximately 0 . 3 .  The phase is zero because 
equation (3) contains no complex parts.  

Figure 17 shows a graph of equation (3). It is seen that the gain of a Gaussian 

Equation (1) also shows that 
f =  m 

W 
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APPENDIX C 

This expression can be used to convert the nondimensional abscissa of figure 17 to a 
frequency abscissa if the spot size and scan speed a r e  known. 

scan speed and inversely proportional to spot size. 
Thus it is shown that the bandwidth of a Gaussian spot is directly proportional to 

1, 

Gain . 

. t  

. t  

.c 

.o - 1  . 1 L -  
fT, nondimensional product of frequency and dwell time 

Figure 17. Gain of a Gaussian spot. 
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